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57 ABSTRACT

A microscale fluid handling system that permits the efficient
transfer of nanoliter to picoliter quantities of a fluid sample
from the spatially concentrated environment of a microfab-
ricated chip to “otf-chip” analytical or collection devices for
further off-chip sample manipulation and analysis 1s dis-
closed. The fluid handling system 1s fabricated in the form
of one or more channels, 1n any suitable format, provided in
a microchip body or substrate of silica, polymer or other
suitable non-conductive material, or of stainless steel, noble
metal, silicon or other suitable conductive or semi-
conductive material. The microchip fluid handling system
includes one or more exit ports integral with the end of one
or more of the channels for consecutive or simultaneous
off-chip analysis or collection of the sample. The exit port or
ports may be configured, for example, as an electrospray
interface for transfer of a fluid sample to a mass spectrom-
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1
MICROSCALE FLUID HANDLING SYSTEM

This application claims benefit of U.S. Provisional
Application No. 60/001,349, filed Jul. 21, 1995.

FIELD OF THE INVENTION

This mvention relates to microscale fluid handling sys-
tems and particularly to such systems fabricated 1n a micros-
cale device.

BACKGROUND OF THE INVENTION

Recent developments in microfabrication techniques have
permitted the integration of microminiature tools for bio-
chemical analysis within a tiny device. Complete chemical
processing systems, €.g., reaction chambers, separation cap-
illaries and their associated electrode reservoirs, as well as
certain types of detectors, can be consolidated on a micro-
chip of, e.g., a glass or fused silica. Such “laboratories-on-
a-chip,” 1n principle, permit effective utilization and
manipulation of minute quantities of material. After the
intended procedures have been conducted, the processed
compounds are available on the chip 1n a spatially concen-
trated form that is suitable for performing further analytical
operations. As the sample components are 1n volumes on the
order of nanoliters, subsequent operations should preferably
be carried out on the same device. (See, e.g, Effenhauser et
al., Anal. Chem. 67:2284-2287, 1995.) This constraint,
however, permits less than efficient utilization of certain
powerlul analytical instruments, such as a mass spectrom-
cter.

SUMMARY OF THE INVENTION

The 1nvention 1s directed to a microscale fluid handling
system that permits the efficient transfer of nanoliter quan-
fities or other small quantities of a fluid sample from the
spatially concentrated environment of a microscale device,
such as a microfabricated chip, to “off-chip” analytical or
collection devices without an increase 1n sample volume.
The fluid handling system of the invention 1s fabricated in
the form of one or more capillary channels 1n a body or
substrate, which may be made of a suitable non-conductive
material, such as silica or polymer plastic, or a suitable
conductive material such as stainless steel, noble metal, or
semi-conductive material such as silicon. The microscale
device of the invention includes one or more exit ports
integral with an end of one or more of the channels for
consecutive or simultaneous off-chip analysis or collection
of an applied sample. The exit port or ports may be
configured, for example, to transfer a sample for
electrospray-mass spectrometry analysis (ESI/MS), for
atmospheric pressure-chemical 1onization mass spectrom-
etry analysis (APCI/MS), for matrix assisted laser desorp-
tion ionization mass spectrometry (MALDI/MS), for nuclear
magnetic resonance analysis (NMR), for pneumatically or
ultrasonically assisted spray sample handling, for transter to
an oif-chip detection system, such as electrochemistry, con-
ductivity or laser induced fluorescence, or for collection of
specific fractions, €.g., 1n collection capillaries or on collec-
fion membranes. Sample transfer may be by droplet, spray
or stream, as desired, or as suitable for the instrument or
device receiving the transferred sample. The transferred
fluid may be 1n the form of a liquid or a gas.

The channels of the microdevice may be arrayed in any
format that allows for sequential or stmultaneous processing
of liquid samples. In one embodiment of the invention, the
channels are arranged in spaced parallel form, each channel

10

15

20

25

30

35

40

45

50

55

60

65

2

representing an independent microanalytical system having
its own sample 1ntroduction port and exit port. In another
embodiment, the channels on the microscale device are
arranged 1n a circular pattern, like the spokes of a wheel. At
the center of the circular pattern, all channels can converge
into one exit port integrally formed 1n a face of the micros-
cale device. The exit port 1s adapted to interface with an
external device, such as a mass spectrometer or membrane,
which receives samples via the exit port for analysis.

In any embodiment, each channel may include electrical
contacts, so that an electric circuit path can be established
along the channel. For example, one electrical contact can be
on the entrance side of a channel and another electrical
contact can be on the exit side. In an alternative

arrangement, an electric circuit can be completed by an
external contact, beyond the exit end of the channel. For
example, 1f the exit port of a channel 1s used as an electro-
spray source for a mass spectrometer, the mass spectrometer
sampling orifice can serve as the counter electrode. Samples
can be ftransferred off chip for subsequent analysis by
switching the electric current sequentially to each channel
on the chip. At the end of the analysis, the chip may be
discarded. Thus, the invention alleviates manipulations such
as Hushing and eliminates problems of sample carryover
between runs while providing for efficient use of the mass
spectrometer or other device for analysis and/or collection.

Samples can be mtroduced mto a channel on the micros-
cale device of the invention by a variety of methods, e.g., by
pressure, electrokinetic 1njection, or other technique, and an

clectrical current and/or pressure drop can then be applied to
cause the sample components to migrate along the channel.
The channels may function only for fluid transfer, e.g., to a
mass spectrometer, or the channels can serve as environ-
ments for various types of sample manipulations, ¢.g., for
micropreparative or analytical operations, such as capillary
electrophoresis (CE) or the polymerase chain reaction
(PCR), or for carrying out any type of sample chemistry. The
channels may be filled with membrane or packing material
to effectuate preconcentration or enrichment of samples or
for other treatment steps, such as desalting. Furthermore,
other modification of sample components, €.g., by enzymes
that are covalently bound to the walls of a channel or are free
in a channel, are possible. Packing material may be bound to
the walls of the channels or may include other components,
such as magnetic particles, so that when a magnetic field 1s
applied, the magnetic particles retain the packing material 1n
place. The magnetic particles can also be used for efficient
mixing of fluids inside the channels, using an external
magnetic field. A micromachined filter or other stationary
structure may also be employed to hold packing material 1n
place. Alternatively, stationary structures can be
micromachined, cast or otherwise formed 1n the surface of
a channel to provide a high surface area which can substitute
for packing material. Another method of applying samples 1s
to attach a miniaturized multiple-sample holder as a hybrid
micromachined system to the entrance ports of the channels.

A sample can be mtroduced into a channel 1in a short
starting zone or can {ill the whole channel completely.
Filling only a small part of the channel with the sample 1is
preferable when an on-chip separation of sample compo-
nents 1s to be carried out, such as electrophoresis or chro-
matography. Filling the whole channel with the sample may
be advantageous 1n cases when off-chip analysis requires
extended sample outflow, such as sample 1nfusion/
clectrospray 1onization for structure analysis by mass spec-
trometry.

In many cases a liquid flow may be required to transport
the analytes 1n a sample 1nto a specific channel, or along the
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length of the channel, or out of the channel via an exit port.
Therefore, to assist 1n the required fluid transfer, a pumping
device may be incorporated into or associated with the
microscale device of the mvention. For example, a heating
clement can be used to cause thermal expansion, which will
clfectuate sample liquid movement, or a heating element can
be used to generate a micro bubble, the expansion of which
causes the sample to travel in the channel. Other options
may 1nclude pumping by the pressure of a gas or gases
generated by on-chip electrolysis. Flow can be also gener-
ated by application of a pressure drop along a channel or by

electroosmosis 1mnside a channel.

As samples move to the end of a channel, they can be
subjected to detection or analysis at a site external to the
microscale device of the invention by a variety of
techniques, including mass spectroscopy, nuclear magnetic
resonance, laser induced fluorescence, ultraviolet detection,
electrochemical detection, or the like. The end of each
channel may include a tip configured to facilitate transfer of
the sample volume. When mass spectroscopy 1s the analyti-
cal method, the end of each channel may be microfabricated
to form an electrospray exit port, or tip, that permits transfer
of 10ns 1nto the sampling orifice of the mass spectrometer by
microelectrospray. Other exit port configurations can be
used for, pneumatically or ultrasonically assisted spray
sample transfer, among others. Furthermore, if the sample to
be transferred 1s a dissolved gas, transported 1n the channel
by a carrier liquid, the exit port can be configured to heat the
carrier liquid, to restore the sample to the gas phase for spray
fransfer.

The exat end of the channel may be configured and/or
sized to serve as an electrospray tip, or the tip can be formed
as an extension of the channel or as an attachment to the
channel. The edge surface of the substrate may be recessed
between adjacent exit ports to minimize Cross-
contamination, or the substrate may be of a non-wetting
material, or may be chemically modified to be non-wetting,
so that the exiting liquid 1itself provides the electrospray.
When necessary, the microdevice can be positioned on a
franslational stage so that each exit port can be precisely
aligned, 1 turn, with the sampling orifice of the mass
spectrometer or other utilization device.

The invention may be used in a fluid sheath (e.g., liquid
or gas) or sheathless mode depending on the type of analysis
required and the size of the sample exiting a channel. In a
sheathless arrangement, the exit port 1s formed at the end of
the channel. When a liquid sheath is required (e.g., for the
addition of a liquid, a chemical and/or a standard prior to
clectrospray or to provide electric connection via the sheath
fluid), an exit port can be created at the merge point of two
channels, one supplying the sample and the other the sheath
liquid. Selective analysis of analytes 1n both the cationic and
anionic modes can be performed easily by rapid switching of
the polarity of the electric field.

Different sized channels may be employed on the same
microscale device. For example, larger channels may be
used for cleanup operations, and smaller channels may be
used for processing operations. Moreover, other operations
can be performed in other regions of the device, such as
chemical processing, separation, 1solation or detection of a
sample or a component of the sample, prior to sample
loading 1n a channel. Thus, it 1s possible to carry out sample
chemistries or to conduct micropreparative and analytical
operations on both a starting sample and 1its separated
components within the device of the invention, prior to
transfer of the sample or its components off chip for further
analysis or collection. Additionally, detection of a sample
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may be carried out on the microdevice itself, e.g., by a fiber
optic detection system, which can provide complementary
control information for off-chip analysis and detection, or by
any other suitable detector such as laser i1nduced
fluorescence, conductivity and/or electrochemical detector.

Suitable processes for fabricating the microscale device of
the 1nvention are themselves well known in the art and
include, as examples, photolithographic and etching
techniques, laser machining, multilayer fabrication tech-
niques such as stereolithography, and stamping, molding or
casting techniques.

The channels may be cylindrical, trapezoidal or of any
other cross-sectional shape. The channel pattern may be
linear or curvelinear within a single plane. Furthermore, the
microdevice may 1nclude multiple such layers of
independent, unconnected channels. Alternatively, an 1ndi-
vidual channel may extend between two or more planes to
enable transfer of a sample from a desired entrance port
location to a desired exit port location. A channel also may
be of any length necessary to enable such a transfer. At its
most basic, a channel may be merely a straight slit connect-
ing an inlet port and an exit port.

Bufler reservoirs, reaction chambers, sample reservoirs,
and detection cells may also be fabricated along with each
individual channel. More complex structures can be created
by stacking or otherwise assembling two or more microfab-
ricated devices. In addition, individual instrument blocks
such as sample reservoirs, pretreatment or separation
channels, and exit ports can be micromachined separately
and combined 1nto one complete system 1n much the same
way as hybrid mtegrated circuits i electronics are formed.
Microtfabrication techniques are precise and will allow for a
high degree of reproducibility of selected channel and exat
port shapes and dimensions.

The microscale fluid handling system of the invention
permits more eflicient use of powerful analytical devices,
such as the mass spectrometer, than 1s currently possible. In
addition, the system of the invention can be manufactured as
a disposable device that 1s suitable for cost effective auto-
mation of the analysis of a large number of samples. Using
this micromachined approach, high throughput analysis by
mass spectrometry would be possible. In addition, handling
of small volumes and quanfities of samples would be
facilitated, and consumption of valuable samples and
reagents would be reduced. Applications include any labo-
ratory analysis methods, especially where high throughput
and minimization of cross-contamination are desirable, such
as screening and diagnostic methods, and such other analytic
methods as pharmacokinetics where fresh columns are
required for each run.

Other features and advantages of the mvention will be
apparent from the following description of the preferred
embodiments thereof and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a 1s a plan view of one embodiment of the micros-
cale fluid handling system of the invention, in which the
assoclated channels for sample transport are 1n a parallel
arrangement within a single plane;

FIG. 1b 1s a cutaway view of an embodiment of the
invention showing optional well extensions;

FIG. 1c 1s a cutaway view of an embodiment of the
invention showing an attached sample/electrode port block;

FIG. 1d 1s a cutaway view of an embodiment of the
invention showing multiple layers of unconnected channels
for sample transport;
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FIG. 1e 1s a cutaway view of an embodiment of the
invention showing a channel 1n multiplane configuration;

FIG. 2a 1s a plan view of another embodiment of the
microscale fluid handling system of the mmvention 1n which
the associated channels for sample transport are 1n a circular
arrangement, merging 1n a common eXxit port;

FIGS. 2b—2d are side views of three different embodi-
ments of the exit port depicted 1n FIG. 2a;

FIG. 3 shows another circular arrangement of sample
transport channels 1n which each channel ends 1n a separate
exit port on the rim of a hole 1n the center of the chip;

FIG. 4 1s a plan view of an arrangement of channels in
another embodiment of the 1nvention 1in which the exit ports
are coniligured as spray ports, to be used with a sheath liquid
for either pneumatic spray or electrospray for off-chip

sample manipulation;

FIG. 5 1s a plan view of an arrangement of channels in
another embodiment of the invention in which several

channels merge 1nto one exit port;

FIG. 6a 1s a schematic representation of the microscale
device of FIG. 1a used as an electrospray interface with a
mass spectrometer;

FIG. 6b 1s an enlargement of an indicated portion of FIG.
6a;

FIGS. 7a and 7b show electrospray mass spectra from
infusing 0.01 mg/ml myoglobin (200 nl/min) from two

selected channels of the microscale device of FIG. 14, of the
same width and depth;

FIGS. 8a—8d show electrospray mass spectra from infus-
ing different samples in methanol/water/acetic acid (75/25/
0.1) from different channels of the microscale device of:
FIG. 8a, 0.1 mg/ml myoglobulin; FIG. 85, 0.1 mg/ml
endorphin; FIG. 8¢, 0.1 mg/ml human growth hormone; and
FIG. 8d, 0.1 mg/ml ubiquitin;

FIG. 9 shows an electrospray mass spectrum from ESI/
MS detection of 0.001 mg/ml myoglobin in methanol/water/
acetic acid (75/25/0.1);

FIG. 10 shows an electrospray mass spectrum of a mix-
ture of 0.05 mg/ml of human growth hormone and 0.05
mg/ml of ubiquitin, in methanol/water/acetic acid (75/25/
0.1), infused from the microscale device of FIG. 1a, in a
study of the detection limit using the device;

FIG. 11a shows an electrospray mass spectrum from
infusing 0.05 mg/ml human growth hormone from aqueous
solution, with methanol/water/acetic acid (75/25/0.1) in a
syringe for applying pressure, and

FIG. 11b shows an electrospray mass spectrum from

infusing 0.05 mg/ml human growth hormone directly from
a solution of methanol/water/acetic acid (75/25/0.1);

FIG. 12a, parts 1 and 11, show electrospray mass spectra of
on-chip tryptic digest of melittin, at 30 uM 1n 20 mM Tris
pH 8.2, melittin/trypsin ratio=300/1 (w/w), for two different
time periods;

FIG. 12b, parts 1 and 11, show electrospray mass spectra of
both on-chip and off-chip tryptic digests of casein, at 2 uM
in 20 mM Tris pH 8.2, casein/trypsin ratio=60/1 (w/w); and

FIG. 13 shows an electrospray mass spectrum of a short
DNA fragment (20 mer) in 60% acetonitrile, 40% H,O.

DETAILED DESCRIPTION OF THE
INVENTION

The microdevice of the invention permits the integration
of microscale reaction and separation systems with the
powerful analytical and/or collection systems that are only
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available off-chip. One embodiment of the invention i1s
shown 1 FIGS. 1a and 1b and includes a microchip sub-
strate or body containing a series of independent channels or
ogrooves, fabricated 1n a parallel arrangement along with
their associated sample inlet ports and bufler reservoirs, in
one surface of a planar portion of a glass body or chip. Exit
ports are fabricated at the end of their respective channels,
on the edge of the chip. The grooved portion of the chip 1s
covered with a cover plate to enclose the channels.

Referring to FIG. 1a, the chip (10), shown without its
assoclated cover plate, contains nine parallel channels (12),
all of the same width and depth (60 umx25 @m), etched in
a surface of the microchip substrate (11). The channels are
of three different lengths 1n order to optimize the channel
arrangement. Each channel (12) is connected to three wells
(13, 14, 15) which allow access to the channels, e.g., for
infusing samples through the channels, for manipulating
different solutions that might be added to a sample 1n a
channel, and also for use as an electrophoresis bufler res-
ervoir. Each well has a diameter of 1 mm and a depth of 0.5
mm, with a volume of 0.4 ul.. Each well (13 and 15) is
coupled to its corresponding channel by a groove or channel
(12a). Plastic microtubes (not shown) can be attached on top
of the cover and in communication with the wells to increase
their volume, for example, up to 10 uL.. Referring to FIG. 15,
samples are introduced into wells (13), through optional
well extensions (13a) and sample entrance holes (13b) in
cover plate (13c¢), by any convenient means such as supply
tubes or syringes at which the chip 1s placed during sample
loading.

Referring again to FIG. 1a, exit ports (16) at the end of
cach channel, and at the edge of the microchip substrate,
serve as electrospray exit ports through the use of a non-
wetting coating, e¢.g., polydimethylsiloxanediol, on the
external surface area (18) of the microchip substrate
between two exit ports (16), to isolate a solution to be
clectrosprayed from an exit port. The channels are spaced
from each other in the illustrated version by 6 mm.
Alternatively, indentations or recesses (20) can be cut in the
external surface of the microchip substrate between adjacent
exit ports (16), to isolate the exit ports and avoid or minimize
cross-contamination between channels.

In the embodiment of the invention shown 1n FIG. 1c¢, a
sample/electrode port block 1s provided as a separate ele-
ment which 1s attached to the microchip body. Referring to
FIG. 1c, the body (11) has a sample/electrode port block (30)
disposed along one side of the body. The block (30) contains
sample inlet ports (31) which are coupled via supply chan-
nels (33) to the inlet end of respective channels (12). An
electrode (32) is supported by the block (30) and has one end
disposed in the supply channel (33) and the opposite end
external to the block for connection to a high voltage power
supply. In this embodiment, the supply channel (33) contains
a packing material (34) for internal sample pretreatment.
The illustrated channel (12) has a tapered end (35) forming
an exit port tip from which the sample liquid 1s sprayed for
transfer to an external collection or analytical device.

For certain applications, the microdevice substrate 1s
fabricated to contain multiple layers of independent, uncon-
nected channels. Referring to FIG. 1d, a cutaway view of an
embodiment of the mmvention shows independent channels
(12b), (12¢) and (12d) each representing multiple channels
within a single plane according to the embodiment of the
invention shown 1n FIG. 1a. The planes containing channels
(12b), (12¢) and (12d) are positioned in multiple stacked
layers, one above the other, in substrate block (11a), with
cach channel in each layer ending in its own exit port,
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represented by exit ports (16b), (16¢) and (16d),
respectively, as shown. This embodiment 1s particularly
useful for high throughput screening of multiple samples.

In the embodiments described above, the channels lie
generally within a single plane of the substrate or body. The
channels may also extend between two or more planes such
as shown 1n FIG. le. As illustrated, the channel (12¢)
extends from a first upper plane to a second lower plane and
ends in exit port (16¢) at the edge of the microchip substrate
(11). In general, the channels can be of any configuration and
follow any convenient path within the substrate or body (11)
in order to permit intended packing density of the channels
and associated components of the microchip device.

The distance between two given channels i1s chosen
depending on the required density of the channels and on the
assoclated chemistries as well as to minimize cross-
contamination. If a low channel density i1s desired, the
distance between individual channels (and between indi-
vidual exit ports) can be several millimeters. In this case, the
entire device can be positioned on a moving stage for precise
alignment of each exit port with an off-chip (off-
microdevice) analyzer. If a high channel density is desired,
the channels and their associated exit ports will be closer
together (separated only by several tens of microns). In this
case, a moving stage may not be necessary.

The 1nvention can also be implemented with the channels
in a circular or spoke arrangement. Referring to FIG. 2a, an
array of capillary channels (42) 1s provided in the body (40)
in a circular or spoke arrangement. The inner ends of the
channels (42) confront a common exit port (46). The inlet
ends of the channels are coupled to a sample inlet (56) and
buffer reservoirs (52) as illustrated. Electrodes, typically of
thin film gold, formed on or attached to the substrate (41),
cach have an end disposed within a respective buifer reser-
voir and an opposite end accessible for connection to an
external power supply. The sample inlets (56) and buffer
reservoirs (52) are accessible for supply of liquids, or for
associated ports and/or tubes extending to a surface of the
substrate or outwardly therefrom for coupling to supply
apparatus.

The exit port may be of various configurations. Referring,
to FIG. 2b, the exit port 1s shown coupled to an electrospray
tip (48) extending outwardly from a cover plate (43), which
encloses the channels of the substrate. The tip typically has
an exit orifice of about 1 to 60 micrometers. In the embodi-
ment of FIG. 2¢, the exit port (46) is coupled to an array of
field emission tips (50), each having an exit orifice of about
1 to 10 micrometers in diameter. A further alternative exit
port configuration 1s shown in FIG. 2d in which a nozzle
orifice 1s formed within a recess (49) in the cover plate (43)
adjacent exit port (46). The nozzle orifice is of about 1 to 50
micrometers 1 diameter.

In a further embodiment shown 1n FIG. 3, the channels
(62) arc arranged in a regularly spaced circular array in
substrate (61). The outer ends of the channels (62) join
respective reservoirs (69). An electrode is provided for each
reservoir (69) as in the embodiment described above. Each
of the channels has an mner end tapering to an individual
exit port (66), all of which are accessible through a single
hole (68) in the substrate (61) in the center of the array. The
channels may each contain one or more sample reservoirs
and one or more bufler reservoirs to suit intended perfor-
mance and operational requirements.

FIG. 4 shows an embodiment having pairs of sample
separation/infusion channels (72) and sheath (reagent) liquid
channels (73), each pair converging in an exit port (76). The
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exit ports are spray ports, to be used with a sheath liquid or
oas. Either pneumatic spray or electrospray can be carried
out for off-chip sample analysis or collection. For electro-
spray transier of a sample 1n the sheath mode, a high voltage
power supply (78) is connected between electrodes (79) in
a sample reservoir (74) and in a sheath reservoir (75).
Alternatively, the voltage can be applied between an elec-
trode in reservoir (74) or (75) and an electrode at the
entrance of a mass spectrometer adjacent to the exit ports
(76). In the first arrangement, the electrospray potential at
the exit ports (76) 1s a function of the total applied voltage
and the resistances of both channels (72) and (73). In the
second arrangement, the electrospray potential at the exit
ports (76) is directly proportional to the voltage applied at
the sample reservoir. The exit ports may also contain an

clectrode for active control of their potential.

The sheath liquid flow can be controlled 1n the same way
as described earlier for flow 1n the sample channels. The
sheath liquid composition depends on the desired applica-
tion. For example, the liquid can contain a water/organic
solution of a volatile acid(or base) to control the pH of the
electrosprayed solution. The sheath liquid can also contain a
solution of a suitable matrix (e.g., dihydrobenzoic acid,
sinapinic acid) for matrix assisted laser desorption and
consecutive time of flight (TOF) mass spectrometric analy-
sis. Both electrospray and pneumatic assisted spray can be
used 1n this case. Laser and/or matrix assisted laser desorp-
fion 1onization can be performed after deposition of the
solution exiting the microdevice on an external support, €.g.,
membrane, stainless steel, etc.

FIG. 5 shows an embodiment in which a substrate has
several inlet ports (84) and channels (82) merging in one exit
port (86). Two such arrays are shown in FIG. §. Each
channel (82) can be supplied with different fluids containing,
for example, a calibrating standard, liquid sheath fluid or a
chemical reagent to improve off-chip analysis. The flow 1n
cach channel can be pressure controlled, or a regulated
electric current distributor (88) can be used for precise
control of electromigration and electroosmosis 1n the chan-
nels.

As described above, the microchip device of the invention
can be used as an electrospray interface for transfer of a
sample to a mass spectrometer (ESI/MS). Referring to FIG.
6a, to 1ncrease sample 1njection efficiency for detection 1n
the mass spectrometer, the microchip (10) of FIG. la is
mounted on a three-dimensional stage (21), which allows
precise alignment, as shown in FIG. 6b, of a channel exit
port (16) with the sampling orifice (22) of the mass spec-
trometer (23). One well (14) coupled to a channel (12) is
used as an electrophoresis buffer reservoir. Another well (13)
is used for sample input. A third available well (15) is
plugged and not used in this embodiment. When a sample
infusion experiment 1s carried out, the wells are made
airtight, e.g., through the use of plastic stoppers, so that
pressure can be applied for transport of a fluid sample 1n a
channel towards the respective channel exit port.

A low current, high voltage power supply (24) is used to
apply a voltage via an electrode (25) inserted in a buffer
reservoir well (14) to each channel (12) in turn, for electro-
spray transfer of a sample in the respective channel. The
high voltage power supply (24) is grounded (26) and there
is a second ground (27) on the mass spectrometer. The
largest portion of the voltage potential 1s across the gap
between the electrospray exit port (16) and the mass spec-
trometer sampling orifice (22), thus causing electrospray
transter of the sample to take place. The electrospray trans-
fer of fluid samples from the nine channels of the microchip
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1s carried out 1n a sequential mode. While one channel is
used for injecting a sample into the mass spectrometer,
another channel can be used for sample preparation. After
cach mass spectrometer analysis, the next channel will be
moved by stage (21) to align with the sampling orifice. The
alignment can be performed manually, by adjusting the
position of the three-dimensional stage by hand, or
automatically, by moving the stage with a stepper motor.
Once an optimized voltage 1s reached, determined, e.g., by
increasing the voltage until the best signal 1s obtained, 1t can
be used for the next channel without further adjustment. The
distance between the exit ports and the sampling orifice of
the mass spectrometer 1s not critical and can be 1n the range
of less than a millimeter to several tens of millimeters.

The following examples are presented to illustrate the
advantages of the present invention. These examples are not
intended 1n any way otherwise to limit the scope of the
invention.

EXAMPLE I

Infusing the same sample from different channels

To investigate the performance of different channels, a
0.01 mg/ml myoglobin sample was infused from two
selected channels of the same cross-section, using the
embodiment of the microdevice of the mmvention shown in
FIG. 1a. As shown in FIGS. 7a and 7b, the sensitivity of the
recorded electrospray mass spectra was very similar for
these two channels, implying that the microfabrication pro-
cess used to prepare the microdevice of the invention can
generate reproducible channels. The experimentally deter-
mined molecular weight of myoglobin was 16,953, which,
when compared to the actual molecular weight of 16,950,
represents an accuracy limit of 0.02%. The subtle differences
in the spectra are typical for analyzing proteins.

EXAMPLE II

Infusing different samples from different channels
for conducting high-throughput analysis

To demonstrate that the microchip of the mnvention can be
used as an electrospray interface with a mass spectrometer
for sequential analysis, four different sample were processed
in sequence, with each sample (in methanol/water/acetic
acid; 75/25/0.1) being sprayed from a different channel on
the microdevice shown in FIG. 1a. Spectra corresponding to
the four analyzed examples are presented in FIGS. 8a—8d.
The experimentally determined molecular weight, the actual
molecular weight and the accuracy limit for each sample
were as follows: FIG. 84, 0.1 mg/ml myoglobulin, MW __ =
16,953, MW __ =16,950, accuracy limit=0.02%; FIG. 8b, 0.1
mg/ml endorphin, MW _,_=3438.3, MW __=3438, accuracy
lim1t=0.01%:; FIG. 8¢, 0.1 mg/ml human growth hormone,
MW _ =22,120, MW _=22124, accuracy limit=0.02%; and
FIG. 84, 0.1 mg/ml ubiquitin, MW __ =8565, MW __=8557,
accuracy limit=0.09%. Each analysis can be carried out 1n a
few minutes when the system 1s operated 1n a sequential
analysis mode, a very high throughput for analyzing bio-
logical samples. This operational approach implies that
sample preparation can be conducted in one channel while
another channel 1s being used simultaneously to analyze a
sample. In this mode, the utilization efficiency of the mass
spectrometer will be higher than has been possible before.
With a similar design to that shown 1 FIG. 1a, a microde-
vice of the invention with as many as 20 channels can be

fabricated for increasing the analysis throughput of a mass
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spectrometer. Furthermore, a microdevice having a three-
dimensional array of channels, such as 1s shown 1n FIG. 14,
would make even a substantially higher sample throughput
possible.

EXAMPLE III

Study of detection limat

FIG. 9 shows an electrospray mass spectrum of myoglo-
bin obtained by spraying a 0.001 mg/ml myoglobin solution
at 200 nl/min in methanol/water/acetic (75/25/0.1) directly
from the exit port of the microdevice to the sampling orifice
of the mass spectrometer. The signal to noise ratio in this
example 1s better than 10:1, indicating that the limit of

detection is better than 10~°M. The electrospray voltage was
4.4 kV.

EXAMPLE 1V

Electrospray of a mixture of samples

FIG. 10 shows a mass spectrum of a mixture of 0.05
mg/ml of human growth hormone and 0.05 mg/ml of ubig-
uitin in methanol/water/acetic acid (75/25/0.1) sprayed from
micromachined chip channels of width 60 um and depth 25
um at a flow rate of 200 nl/min. The electrospray voltage
(4.3 kV) was applied from the injection side of the chip. Two
separate envelopes of multiply charged 10ons corresponding
to individual sample components are visible 1n the spectrum.
Exact molecular weight calculation of each sample compo-
nent 1s possible from these data, and the experimentally
determined MW values were the same as 1n Example II,
when each sample was analyzed from a separate channel.
This experiment 1llustrates that a complex mixture can be
analyzed with only partial or even no separation of the
sample components within the microdevice. The mass spec-
trometer serves as the separation tool. In separate
experiments, MS/MS operation can be used to deduce the
structure of mdividual 1ons.

EXAMPLE V

Analysis of a sample 1n aqueous solution

FIG. 11la shows an electrospray mass spectrum from
infusing 0.05 mg/ml human growth hormone from aqueous
solution, with methanol/water/acetic acid (75/25/0.1) in the
syringe for applying pressure, and FIG. 115 shows an
clectrospray mass spectrum from infusing 0.05 mg/ml
human growth hormone directly from a solution of
methanol/water/acetic acid (75/25/0.1). This example shows
that direct off-chip (off-microdevice) electrospraying of an
aqueous sample without any prior addition of an organic
solvent provides a high quality spectrum (FIG. 11a), com-
parable to the one obtained with a methanol supplemented
sample (FIG. 11b), and that the same experimentally deter-
mined molecular weight value of 22,120 1s obtained whether
the sample 1s 1n an entirely aqueous or a methanol supple-
mented environment. In current practice with standard elec-
trospray interfaces, samples are typically supplemented with
organic additives; however, for biological samples which do
not tolerate organic additives, direct spraying of an aqueous
solution 1s the best approach to performing the analysis.

EXAMPLE VI

On-chip digestion of peptides and proteins

Referring to FIG. 12a, on-chip digestion of melittin was
conducted 1n 20 mM Tris butfer of pH 8.2, melittin/trypsin
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ratio=300/1 (w/w). The concentration of melittin was 40
#M. Electrospray mass spectrum (i) is of a 10 min digestion,
and spectrum (i1) is for a 1 hr digestion. The same sample
fragments were detected, but at different levels, atter the two
digestion time periods. For example, peak no. 5, represent-
ing a molecular 10n, 1s reduced after the longer digestion
time period whereas peak no. 2, representing a product 1on
of the digestion, increases over time.

FIG. 12b presents a comparison of on- and off-chip
digestion of 2 uM casein. The reaction conditions were
similar to those used 1n the experiment of FIG. 124, except
that the ratio of casein/trypsin was 60. The two spectra show
substantially identical patterns. These results demonstrate
that the microscale fluid handling system of the mvention
can be used to study the digestion kinetics of peptides and
protemns and also show that on- and off-chip digestion
ogenerate very similar fragments. The success of on-chip
digestion also indicates that incorporating sample prepara-
fion for electrospray mass spectrometry onto a chip 1is
practical and will simplify the sample handling process and
increase analysis throughput.

EXAMPLE VII
Analysis of a model DNA sample

To exploit the potential of the invention i1n analyzing
varieties of samples, a short DNA fragment (20 mer) was
analyzed by electrospray mass spectroscopy without any
prior treatment, and the resulting spectrum is presented in
FIG. 13. Compared to the calculated molecular weight of
6155, the experimentally measured molecular weight of the
sample 1s 6164.3, an accuracy of within 0.015%. The DNA
sample was sprayed from 60% acetonitrile, 40% H,O solu-
tion to facilitate the percentage of sample vaporization. With
such a high accuracy 1n determining DNA molecular weight,
it 1s contemplated that the invention can be analyzed to
screen DNA mutations.

While the present invention has been described in con-
junction with a preferred embodiment, one of ordinary skill,
after reading the foregoing specification, will be able to
cffect various changes, substitutions of equivalents, and
other alterations to the compositions and methods set forth
herein. It 1s therefore intended that the protection granted by
Letters Patent hercon be limited only by the appended
claims and equivalents thereof.

What 1s claimed 1s:

1. A liquid handling system, comprising,

a microscale liquid handling substrate having one or more
channels integrally formed therein, for conducting a
liquid sample in said substrate, said one or more
channels terminating in one or more exit ports 1n an
outer surface of said substrate for transfer of a micros-
cale quanfity of a liquid sample off said substrate by
droplet, spray or stream; and

an external analytical and/or collection system, said sys-

tem having an inlet that 1s proximate to but separate

from said one or more exit ports of said microscale

liquid handling substrate for receiving said microscale
quantity of a liquid sample.

2. The system of claim 1 further comprising means for
sample introduction into said one or more channels.

3. The system of claim 1 wherein said one or more exit
ports 1n said outer surface of said substrate 1s recessed 1n said
surface.

4. The system of claim 1 wherein said one or more exit
ports 1n said outer surface of said substrate projects from
said surface.
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5. The system of claim 1 wherein said microscale liquid
handling substrate 1s an optical grade material.

6. The system of claim 1 wherein said microscale liquid
handling substrate 1s a non-conducting material.

7. The system of claim 1 wherein said microscale liquid
handling substrate 1s a conducting material.

8. The system of claim 1 wherein a portion of a surface of
sald microscale liquid handling substrate between two of

said exit ports 1s recessed.
9. The system of claim 1 wherein two or more of said

channels 1n said microscale liquid handling substrate end in
one of said one or more exit ports.

10. The system of claim 1 wherein a region of said
microscale liquid handling substrate adjacent to said one or
more channels 1s adapted for conducting sample chemistries
or micropreparative or analytical operations on a microscale
quantity of a fluid sample and for transferring a fluid sample
from said region i1nto said one or more channels.

11. The system of claim 1 wherein said microscale liquid
handling substrate further comprises a reservoir or inlet port
attached to said substrate and adapted for transferring a fluid
into said one or more channels.

12. The system of claim 1 wherein said microscale liquid
handling substrate has one or more first channels integrally
formed theremn for conducting a liquid sample and one or
more second channels for conducting an additional fluid.

13. The system of claim 12 wherein said one or more
second channels converge with one or more of said first
channels at a common exit port.

14. The system of claim 1 wherein, in said microscale
liquid handling substrate, said one or more exit ports are
fabricated integrally with said substrate.

15. The system of claim 1 wherein, in said microscale
liquid handling substrate, said one or more exit ports are
fabricated separately from said substrate and attached to said
termin1 of said channels.

16. The system of claim 1 wherein said external analytical
and/or collection system 1s an external mass spectrometric
analytical system.

17. The system of claim 1 wherein said external analytical
and/or collection system 1s one or more collection systems.

18. A system for analyzing liquids, comprising,

a microscale liquid handling substrate having one or more
channels 1ntegrally formed therein for conducting a
liquid sample 1n said substrate, said one or more
channels terminating in one or more exit ports 1n an
outer surface of said substrate for transfer of a micros-
cale quanfity of a liquid sample off said substrate by
electrospray 1onization; and

an external mass spectrometric analytical system, said
system having an inlet that 1s proximate to but separate

from said one or more exit ports of said microscale

liquid handling substrate for receiving said microscale
quantity of a liquid sample.

19. A liquid handling system, comprising

a microscale liquid handling substrate having one or more
channels integrally formed therein, for conducting a
liquid sample 1n said substrate, said one or more
channels terminating in one or more e€xit ports 1n an
outer surface of said substrate for transfer of a micros-
cale quantity of a liquid sample off said substrate by
droplet, spray or stream; and

an external collection system proximate to but separate

from said one or more exit ports of said microscale

liquid handling substrate for receiving said microscale
quantity of a liquid sample.

20. A method for analyzing a liquid comprising the steps

of:




5,872,010

13

providing a microscale liquid handling system comprising
a substrate having one or more channels mtegrated 1n
said substrate, said one or more channels terminating in
one or more exit ports 1 an outer surface of said
substrate;

loading a liquid sample 1nto one of said one or more
channels;

causing said liquid sample to travel in said channel in the
direction of said exit port; and

causing said liquid sample to exit said substrate through
said exit port of said channel and transfer off said
substrate by electrospray 1onization to an inlet of a
mass spectrometer, said 1nlet of said mass spectrometer

being proximate to but separate from said exit port of
said channel.

21. A method for processing microscale quantities of a
liquid comprising the steps of:
providing a microscale liquid handling system comprising
a substrate having one or more channels integrated in
said substrate, said one or more channels terminating in
onc or more exit ports 1 an outer surface of said
substrate;

loading a liquid sample 1nto one of said one or more
channels;

causing said liquid sample to travel 1n said channel 1n the

direction of said exit port; and

causing said liquid sample to exit said substrate through

said exit port of said channel and transfer off said
substrate by droplet, spray or stream to an external
analytical and/or collection system, said system having
an 1nlet that 1s proximate to but separate from said exit
port.

22. The method of claim 21 wherein a portion of said
surface adjacent to said exit port 1s coated with a material to
prevent surface wetting by said liquid sample exiting said
exit port.

23. The method of claim 21 wherein, in said step of
causing said liquid sample to exit said substrate, said micros-
cale liquid handling system 1is stationary in relation to said
external analytical and/or collection system.

24. The method of claim 21 wherein, 1 said step of
causing said liquid sample to exit said substrate, said micros-
cale liquid handling system moves 1n relation to said exter-
nal analytical and/or collection system.

25. The method of claim 21 wherein, prior to said step of
causing said liquid sample to exit said substrate, said liquid
sample or a component of said liquid sample 1s detected 1n
said channel.
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26. The method of claim 21 wherein said substrate further
comprises a device for separating a liquid sample into
components of said sample and said method further com-
prises the step of separating said sample 1nto components of
said sample.

27. The method of claim 26 wherein said device for

separating a liquid sample into components of said sample
1s 1ntegrated 1n said substrate.

28. The method of claim 26 wherein said device for
separating a liquid sample 1into components of said sample
1s detachably connected to said substrate.

29. The method of claim 26 wherein said one of said one
or more channels comprises said device for separating a
liquid sample 1nto components of said sample.

30. The method of claim 21 wherein said substrate further
comprises a device for causing digestion of a sample and
saild method further comprises the step of digesting said
sample.

31. The method of claim 21 wherein said substrate further
comprises a device for desalting a sample and said method
further comprises the step of desalting said sample.

32. The method of claim 21 wherein said substrate further
comprises a device for preconcentrating a sample and said
method further comprises the step of preconcentrating said
sample.

33. The method of claim 21 wherein said substrate further
comprises a device for carrying out affinity binding on a
sample and said method further comprises the step of
carrying out atfinity binding on said sample.

34. The method of claim 21 wherein said substrate further
comprises a device for size exclusion chromatography and
said method further comprises the step of carrying out size
exclusion chromatography on said sample.

35. The method of claim 21 wherein said substrate has one
or more first channels integrally formed therein for conduct-
ing a liquid sample and one or more second channels for
conducting an additional fluid.

36. The method of claim 35 wherein, 1n said substrate,
said one or more second channels converge with one or more
of said first channels at a common exit port.

37. The method of claim 35 wheremn said one or more
second channels 1 said substrate conducts an additional
fluid which 1s added to said microscale quantity of a liquid
sample so that said additional fluid functions as a fluid
sheath.
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